All relevant data are within the paper.

Introduction {#sec005}
============

Type 2 diabetes is one of the three primary causes of impaired wound healing, which leads to chronic ulcer formation (15% to 25% of patients among approximately 380 million worldwide in 2013 and a prediction of 590 million in 2035) \[[@pone.0168058.ref001]\]. The pathophysiology is partially explained by impairment of angiogenesis, growth factor depletion (notably because of a lack of local expression of vascular endothelial growth factor \[VEGF\] and a nonfunctional HIF-1α signaling pathway), and dysfunction of diabetic endothelial progenitor cells and dermal fibroblasts (reduction of stromal cell-derived factor-1α \[SDF-1α\] secretion) \[[@pone.0168058.ref002]--[@pone.0168058.ref006]\]. Topical application of recombinant growth factors was proposed to promote wound healing of diabetic wounds but without drastic clinical efficiency, probably because of the short duration of the molecules at the site of wound \[[@pone.0168058.ref007]\].

Cell therapy is an attractive tool to restore the physiological context for diabetic wound healing because cells can contribute to tissue regeneration by effective and prolonged cytokine secretion at the wound site, immunomodulative properties, and cellular recruitments. Adipose-derived stromal cells (ASC) have been described since 2002 \[[@pone.0168058.ref008]\], are easily harvested by a subcutaneous biopsy, have high mesenchymal stem cell density per gram of adipose tissue, and possess differentiation, immunomodulative, and angiogenic properties \[[@pone.0168058.ref009]\] similar to those of bone marrow--derived stem cells. The ability of implanted ASC to differentiate into endothelial cells was described, as was their capacity to release large amounts of proangiogenic growth factors (particularly SDF-1α and VEGF) \[[@pone.0168058.ref010],[@pone.0168058.ref011]\].

Several pre-clinical studies using diabetic rodent models demonstrated the positive effects of ASC implantation or injection to promote skin healing \[[@pone.0168058.ref012]--[@pone.0168058.ref015]\]. In contrast, alterations of ASC functions in diabetic rodent models were also described \[[@pone.0168058.ref006],[@pone.0168058.ref016]--[@pone.0168058.ref018]\]. Because Desmet et al. demonstrated prolongation of hypoxia in diabetic mice *in vivo* \[[@pone.0168058.ref019]\], we postulated that hyperglycemia coupled with hypoxia may influence the function of ASC. Veriter et al. also demonstrated preliminary results concerning the capacity of VEGF released during hypoxia and normoxia conditions and its function in *in vitro* glucose concentrations. Significantly higher VEGF release was found for ASC at 25 mM in comparison to 5 mM glucose for different short time courses \[[@pone.0168058.ref009]\]. In addition, adipose tissue (the original source of ASC) remains very sensitive to chronic hyperglycemia (in type 2 diabetes), as evidenced by adipose tissue inflammation, which is characterized by infiltration of inflammatory cells, increased production of cytokines, and induced systemic insulin resistance \[[@pone.0168058.ref020],[@pone.0168058.ref021]\]. They found that excessive calorie intake led to increased oxidative stress in the adipose tissue of mice with type 2 diabetes and promoted senescence-like changes, such as an increase of senescence-associated galactosydase activity, p53 expression, and production of pro-inflammatory cytokines.

Subsequently, this study investigated the growth factors release profile from non-diabetic and diabetic ASC in hypoxia and hyperglycemia, compared to DF and Kc. VEGF, SDF-1α and KGF were firstly selected because of their interesting properties in view to promote diabetic wound healing. VEGF and SDF-1α are angiogenic growth factors both involved in the promotion of wound healing by promotion of cell proliferation, migration and differentiation. VEGF is described as one of the most potent pro-angiogenic growth factor in the skin, by a direct effect on several cell types involved in wound repair (endothelial cells, macrophages, keratinocytes...) \[[@pone.0168058.ref022]\]. SDF-1α is mainly released by DF and is considered to play an important role in the trafficking of bone marrow-derived stem cells to the wound area and its promotion of wound repair and neovascularization \[[@pone.0168058.ref023]\]. The decrease in SDF-1α was also found to be responsible for decreased endothelial progenitor cells homing, and subsequent reduction of local angiogenesis and tissue repair \[[@pone.0168058.ref024]\]. KGF, secreted by various cell types (fibroblasts, endothelial cells,...) in the early stages of the wound healing process as well as during the later remodelling process), has been shown to induce migration and proliferation of Kc \[[@pone.0168058.ref025]\]. Other growth factors such as IGF-1, bFGF, and HGF were also described as major mitogenic effectors of Kc \[[@pone.0168058.ref026]\].

The aim of this study was first to evaluate *in vitro* the survival and function (proliferation and specific growth factor secretion) of human ASC from healthy patients in the in vitro diabetic wound environment (combination of hypoxia and hyperglycemia) compared to human dermal fibroblasts (DF) and keratinocytes (Kc). Also, the properties of ASC from human diabetic patients were assessed in the same conditions and compared to properties of nondiabetic ASC.

Materials and Methods {#sec006}
=====================

This study was performed according to the guidelines of the Belgian Ministry of Health. All tissue procurement procedures were approved by the Ethical Committee of the Medical Faculty (Université Catholique de Louvain; national authorization number B40320108280). All patients signed consent to participate in the study after verbal and written information were provided by the principal investigator of the study. All consents were included and archived at the University Hospital Saint-Luc for each patient (for 30 years).

All materials were obtained from Lonza (Verviers, Switzerland), Sigma-Aldrich (St. Louis, MO, USA), or Invitrogen (Carlsbad, CA, USA) unless otherwise noted.

I: In vitro impact of hyperglycemia and hypoxia on nondiabetic ASC, DF, and Kc {#sec007}
------------------------------------------------------------------------------

### ASC and skin cell (DF and Kc) isolation and culture {#sec008}

Harvesting of adipose tissue (mean, 7.4 g) was performed by lipoaspiration using the Coleman technique in eight nondiabetic patients ([Table 1](#pone.0168058.t001){ref-type="table"}) undergoing elective plastic surgery after informed consent and serologic screening \[[@pone.0168058.ref027]\]. Adipose tissue was digested with collagenase (in a water bath at 37°C for 60 minutes) to isolate ASC. Cells were finally suspended in a proliferation medium comprising Dulbecco\'s modified Eagle medium supplemented with 10% fetal bovine serum (FBS), L-glutamine (2 mM), and antibiotics (100 U/ml penicillin, 100 μg/ml streptomycin, and 1 μl/ml amphotericin B) \[[@pone.0168058.ref028]\].

10.1371/journal.pone.0168058.t001

###### Non-diabetic ASC donor characteristics.

![](pone.0168058.t001){#pone.0168058.t001g}

  Donor                 1        2         3        4      5         6        7        8
  --------------------- -------- --------- -------- ------ --------- -------- -------- --------
  **Age (years)**       19       44        40       62     56        46       45       41
  **Sex**               F        F         F        F      F         F        F        F
  **Anatomical site**   Breast   Abdomen   Thorax   Back   Abdomen   Breast   Thorax   Thorax

Skin biopsy samples (mean, 1.5 cm^2^) were procured from the same nondiabetic patients (thoracic or abdominal region, n = 8). DF were isolated by explant technique from de-epidermized dermal biopsy specimens, cut in 2-mm × 2-mm fragments, and placed in plastic wells. A small volume of the proliferation medium was added to allow tissue adhesion to the plastic surface. After 24 hours of incubation at 37°C and 5% CO~2~, the proliferation media was replaced. This initial passage of the primary cells is referred to as passage 0. Dermal pieces were removed from the culture dishes when adherent cells were visible on the plastic surface surrounding tissue fragments. Cells were maintained in proliferation medium (replaced two times per week) up to passage 4 after sequential trypsinizations.

A commercial primary lineage of keratinocytes (n = 1; adult epidermal keratinocytes; ATCC, Manassas, VA, USA) was used to compare viability, proliferation, and secretion of these cells after stimulation in the same conditions as for ASC and DF (see below). Manufacturer instructions were followed for culture and trypsinization techniques.

At passage 4, ASC and DF were characterized for standard cell surface markers (anti-CD106, anti-CD105, anti-CD44, anti-CD45, anti-CD73, anti-CD90, anti-CD31, anti-CD11b, anti-HLA-DR, anti-Stro-1, anti-CD14, anti-CD34) by fluorescence-activated cell sorting (FACScan; BD Biosciences, San Jose, CA) as previously described. The differentiation capacity of ASC toward osteogenic lineage (Alizarin red and osteocalcin staining) was also tested at passage 4 \[[@pone.0168058.ref029],[@pone.0168058.ref030]\].

### Impact of oxygen tension and FBS on cell proliferation: EdU assay {#sec009}

The proliferation capacity of ASC, Kc, and DF was tested by direct DNA synthesis measurement via EdU (5-ethynyl-2'-deoxyuridine) incorporation (Invitrogen). Cells (ASC, DF, Kc) were cultured in 21.5cm^2^ dishes, at the density of 6000 cells/cm^2^. At passage 4, cell growth was stopped by 24hours of incubation without FBS, then stimulation was introduced for 48 hours, by addition of 1% FBS in presence of the different sequences of tested conditions (normo/hyperglycaemia and 0.1%/5%/21% oxygen tension). Positive control was determined by cells cultured in standard culture conditions (21% oxygen, 25mM glucose and 10% FBS), and cells cultured in the same conditions but without EdU in the medium were used as negative control. EdU incorporation was quantified after revelation by Alexa Fluor 488 dye, following supplier's instructions. Labeled cells were quantified by FACScan \[[@pone.0168058.ref031]\].

### Growth factor secretion profile {#sec010}

After trypsinization, cells (at passage 4) were seeded in 12-well culture plates in triplicate for testing in hypoxic chambers (Modular Incubator Chamber MIC-101; Billups-Rothenberg, Del Mar, CA, USA). Cells were incubated in proliferation media without FBS (to avoid interference in growth factor detection) and tested under different conditions: (i) hypoxia (0.1% O~2~ vs. 5% O~2~ at 5 mM glucose for a highly hypoxic environment vs. tissular oxygen tension, respectively); (ii) hyperglycemia (25 mM vs. 5 mM glucose at 5% O~2~ for hyper vs. normoglycemic environment, respectively); and (iii) a combination of both conditions (25 mM glucose plus 0.1% O~2~, reproducing a diabetic wound environment vs. 5 mM glucose plus 5% O~2~ for physiological conditions). After incubation for 24 hours in these conditions, cell culture supernatants were harvested individually and stored at −20°C for further growth factor (bFGF, IGF-1, HGF, VEGF, SDF-1α, and Keratinocyte growth factor \[KGF\]) quantification by enzyme-linked immunosorbent assay (Quantikine ELISA kit; R&D System, Minneapolis, MN, USA). Cellular viability was assessed immediately after hypoxic stress by 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium solution (MTS; Promega, Leiden, the Netherlands) assay. Hypoxic and glycemic stress tests and growth factor quantifications were performed in triplicate and duplicate, respectively. Results are expressed in picograms per millimeter.

II: Impact of hyperglycemia and hypoxia on diabetic ASC {#sec011}
-------------------------------------------------------

### ASC isolation and function in type 2 diabetes patients {#sec012}

Adipose tissue biopsy samples were procured (see above) from four diabetic patients. ASC were isolated, cultured, characterized, and tested in the same *in vitro* experimental conditions as mentioned for nondiabetic ASC.

Statistical analysis {#sec013}
--------------------

Values are presented as means ± SD, except when otherwise specified. The one-sample Kolmogorov test and Q-Q plots were used to assess the normal distribution of values. Statistically significant differences between groups (with normal distribution) were tested by paired *t*-test and one-way analysis of variance with the Bonferroni post hoc test. Statistical tests were performed with PASW 18 (SPSS; IBM, New York, NY, USA); *p*\<0.05 was considered significant.

Results {#sec014}
=======

After isolation and culture until passage 4, ASC were characterized by mesenchymal stromal cell surface marker profiles (CD44+, CD73+, CD90+, CD105+, CD45-, CD34-, CD14-, Stro-1, CD106-, CD31-, CD34-, HLA-DR-, and CD11b-) ([Table 2](#pone.0168058.t002){ref-type="table"}), and osteogenic differentiation capacity was demonstrated by Alizarin red staining and osteocalcin immunohistochemistry.

10.1371/journal.pone.0168058.t002

###### FACS characterization of ASC from non-diabetic and diabetic donors.

![](pone.0168058.t002){#pone.0168058.t002g}

          Non-Diabetic   Diabetic
  ------- -------------- ----------
  CD44    99.71          98.86
  CD45    3.36           4.48
  CD73    98.76          99.82
  CD90    99.64          97.88
  CD105   91.50          93.63

I: Impact of oxygen tension and glucose concentration on ASC from healthy patients {#sec015}
----------------------------------------------------------------------------------

### Impact on cell growth and survival {#sec016}

Cell survival, proliferation, and growth factor secretion were evaluated: (i) in severe hypoxia (0.1% O~2~ tension vs. 5% O~2~ tension with fixed glucose level at 5 mM glucose); (ii) in hyperglycemia (25 mM vs. 5 mM glucose, with oxygen tension fixed at 5% O~2~); and (iii) in *in vitro* conditions mimicking the chronic diabetic wound environment (combination of hypoxia \[0.1% O~2~\] and hyperglycemia \[25mM glucose\] vs. physiological conditions at 5% O~2~ and 5 mM glucose).

Survival rates were not significantly modified after severe hypoxia for ASC (n = 8), DF (n = 8), and Kc (n = 1) (expressed as % of cell survival at 5% O~2~: 100%, 77%, and 99%, respectively, *p =* NS). Survival of ASC and DF was higher in 25 mM glucose, compared to normoglycemia (143.7% and 126.5%, respectively; [Fig 1A](#pone.0168058.g001){ref-type="fig"}).

![**A. Impact of hypoxia (in normoglycemia) and hyperglycemia (in normoxia) on cell survival**. Results are expressed as the percentage of the control (5% O~2~ and 5 mM glucose). After 24 hours in severe hypoxia (0.1% O~2~), survival rates of ASC and Kc were not affected, but the DF survival rate decreased to 76.8% of survival in 5%O~2~. Survival in 25 mM glucose was higher for ASC (143.7%) and DF (126.5%) in comparison to 5 mM glucose. **B. Impact of hypoxia and hyperglycemia on cell proliferation**. Oxygen tension (0.1%, 5%, or 21% O~2~) did not influence cell proliferation. Proliferation was also similar in normoglycemic and hyperglycemic conditions for each cell type. The lower general rate of ASC proliferation in all conditions demonstrated their sensitivity to lower FBS concentrations (1% in the stimulation culture media vs. 10% in standard conditions/control group).](pone.0168058.g001){#pone.0168058.g001}

The study of cell proliferation by EdU incorporation confirmed that the proliferation rate of each cell type was not influenced by oxygen tension (0.1% vs. 5% vs. 21% O~2~). Glycemia (25 mM vs. 5 mM) did not individually affect the proliferation rate of each cell type. Results were expressed as a rate of proliferation in comparison to the standard culture conditions (21% O~2~, 25 mM glucose, and 10% FBS) considered as a positive control ([Fig 1B](#pone.0168058.g001){ref-type="fig"}).

The lower ASC proliferation rate in comparison to DF and Kc in all conditions indicated greater sensibility of these cells to low FBS concentration in proliferation media (the proliferation rate was assessed under 1% FBS for 24 hours).

Impact on growth factor release {#sec017}
-------------------------------

The impact of hypoxia (0.1% O~2~) was studied for VEGF, SDF-1α, and KGF secretion ([Fig 2](#pone.0168058.g002){ref-type="fig"}). VEGF secretion was significantly increased in hypoxia for all cell types (ASC: +75%, *p*\<0.005; DF: +92%, *p*\<0.001; Kc: +22.5%, *p*\<0.001) in comparison to 5% O~2~ tension. Significantly higher VEGF release was found for Kc versus ASC and DF at 0.1% and 5% O~2~ (*p*\<0.001). Secretion of SDF-1 α was significantly higher for DF (*p*\<0.001 in comparison with ASC and Kc) and was not significantly impacted by hypoxia (1098 ± 1017 pg/ml vs. 851 ± 645 pg/ml at 0.1% O~2~ vs. 5% O~2~, respectively). ASC did not secrete SDF-1α, whereas the small secretion from Kc was enhanced by hypoxia (42 ± 18 pg/ml vs. 14 ± 8 pg/ml at 0.1% O~2~ vs. 5% O~2~, respectively, *p* = 0.001). Significantly higher KGF release was found for ASC and DF compared to Kc with both oxygen tensions (*p*\<0.001 for ASC and DF vs. Kc, *p* = not significant \[NS\] for ASC vs. DF). KGF secretion was only influenced by hypoxia in Kc (0 vs. 11 ± 4 pg/ml at 0.1% O~2~, *p* = 0.001).

![Impact of hypoxia on VEGF, SDF-1α, and KGF secretion.\
VEGF secretion was significantly stimulated by hypoxia (vs. tissular normoxia) for ASC (*p*\<0.005), DF (*p*\<0.001), and Kc (*p*\<0.001). SDF-1α was mainly secreted by DF (*p*\<0.001 compared to ASC and Kc) and was not significantly impacted by oxygen tension. ASC did not release SDF-1α, and secretion by Kc increased significantly in hypoxia (*p* = 0.001). KGF was mainly secreted by ASC and DF, but was modified only for Kc in hypoxia (*p* = 0.001).](pone.0168058.g002){#pone.0168058.g002}

In the same way, the impact of hyperglycemia (25 mM glucose vs. 5 mM glucose) was studied regarding VEGF, SDF-1α, and KGF secretions from ASC, DF, and Kc ([Fig 3](#pone.0168058.g003){ref-type="fig"}). VEGF secretion was not impacted by hyperglycemia for ASC and Kc, but was significantly reduced for DF (-29%, *p* = 0.001). Kc demonstrated the highest release of VEGF in both normoglycemia (553 ± 6 pg/ml vs. 172 ± 13 pg/ml and 127 ±62 pg/ml for Kc vs. ASC and DF, respectively, *p*\<0.001) and hyperglycemia (552 ± 8 pg/ml vs. 122 ± 66 pg/ml and 35 ± 10 pg/ml for Kc vs. ASC and DF, respectively, *p*\<0.001). In both normoglycemia and hyperglycemia, ASC produced significantly more VEGF than DF (+35.4% \[*p*\<0.05\] and +253.3% \[*p*\<0.001\], respectively).

![Impact of hyperglycemia on VEGF, SDF-1α, and KGF secretion.\
DF function was altered in hyperglycemia for VEGF and SDF-1α secretions (*p* = 0.001), whereas ASC and Kc were not affected. Kc produced higher rates of VEGF in each condition (*p*\<0.001 compared to ASC and DF). VEGF secretion by ASC was higher than that by DF in both glucose concentrations (*p*\<0.001 in normoglycemia and *p*\<0.05 in hyperglycemia). KGF secretion was not influenced by glucose concentration for the three cell types. Kc release was significantly lower than that of ASC and DF (*p*\<0.001).](pone.0168058.g003){#pone.0168058.g003}

SDF-1α was mainly secreted by DF in both 5mM glucose (1098 ± 1017 pg/ml vs. 0 pg/ml and 14 ± 8 pg/ml for DF vs. ASC and Kc, respectively, *p*\<0.001) and 25mM glucose (101 ± 101 pg/ml vs. 0 pg/ml from ASC \[*p*\<0.001\] and 18 ± 8 pg/ml from Kc \[*p*\<0.05\]). This secretion from DF was drastically reduced in hyperglycemia (-72% at 25mM glucose, *p* = 0.001).

As noted, significantly higher KGF release was found for ASC and DF than for Kc in both glycemic conditions (*p*\<0.001). KGF secretion was not affected by glycemia for each cell type.

Finally, VEGF, SDF-1α, and KGF secretions were studied under conditions mimicking the diabetic wound environment (hypoxia plus hyperglycemia) compared to physiological conditions (tissular normoxia plus normoglycemia) ([Fig 4](#pone.0168058.g004){ref-type="fig"}). VEGF secretion was significantly increased in diabetic versus physiological conditions for ASC (*p*\<0.05) and Kc (*p*\<0.001). No modification was found for DF. VEGF secretion was higher for ASC (284 ± 134 pg/ml) than for DF (112 ± 68 pg/ml) in diabetic wound conditions (+253%, *p*\<0.05) and physiological conditions (+35%, *p*\<0.05). Hypoxia stimulus was lost in DF cultured in hyperglycemic media (25mM glucose), whereas ASC maintained their upregulation at 0.1% O~2~.

![Impact of diabetic wound environment (hypoxia plus hyperglycemia) on VEGF, SDF-1α, and KGF secretion.\
In diabetic wound conditions, VEGF secretion by ASC was improved (*p*\<0.05) but the hypoxic stimulus was lost for DF. Kc released a higher amount of VEGF and remained upregulated in hypoxia (*p*\<0.001). SDF-1α secretion by DF was dramatically reduced in diabetic wound conditions (*p*\<0.001). KGF secretion from ASC was not impacted in hypoxia or hyperglycemia, but DF secretion was altered (*p*\<0.05). Kc released a higher quantity of KGF in the diabetic wound environment than in the physiological environment (*p*\<0.001).](pone.0168058.g004){#pone.0168058.g004}

SDF-1α secretion by DF decreased in hypoxia plus hyperglycemia (75 ± 83 pg/ml vs. 1098 ±1017 pg/ml in physiological conditions, -93%, *p*\<0.001). Conversely, Kc secretion was higher in hypoxia plus hyperglycemia (47 ± 15 pg/ml vs. 14 ± 8 pg/ml in physiological conditions, *p*\<0.001).

KGF secretion was maintained for ASC (66 ± 13 pg/ml in diabetic vs. 67 ± 36 pg/ml in physiological conditions) and altered for DF in hypoxia plus hyperglycemia (-20%: 55 ± 9 pg/ml vs. 69 ± 28 pg/ml in physiological conditions, *p*\<0.05). Regarding Kc, secretion was significantly higher in diabetic wound conditions (24 ± 10 pg/ml vs. no secretion in physiological conditions, *p*\<0.001) but remained lower than the release from ASC (*p* = 0.001) and DF (*p*\<0.001). Significantly higher KGF secretion was observed from ASC when compared to DF (*p* = 0.001) and Kc (*p* = 0.001) in hypoxia plus hyperglycemia.

No impact of glucose concentration and oxygen level was found on the secretion of IGF-1, bFGF and HGF for ASC and DF ([Fig 5](#pone.0168058.g005){ref-type="fig"}).

![Impact of hypoxia plus hyperglycemia on IGF-1, HGF and bFGF secretion.\
No significant variation of growth factors secretion was found between DF and ASC in each condition. In addition, the hypoxia and hyperglycemia did not affect the secretion of these growth factors by DF and ASC, respectively.](pone.0168058.g005){#pone.0168058.g005}

II: Impact of oxygen tension and glucose concentration on ASC from type 2 diabetic patients {#sec018}
-------------------------------------------------------------------------------------------

ASC harvested from type 2 diabetes patients (n = 4) were isolated and expanded until passage 4 or 5 in standard culture conditions ([Table 3](#pone.0168058.t003){ref-type="table"}). The growth rate of diabetic ASC was similar to that of nondiabetic ASC (ND ASC). The mean expansion time up to passage 4 was 58 (±18) days for diabetic ASC versus 62 (±28) days for ND ASC (*p* = NS). Cell survival was not modified after incubation at 0.1%, 5%, or 21% O~2~ and 5 mM or 25 mM glucose ([Fig 6A](#pone.0168058.g006){ref-type="fig"}).

10.1371/journal.pone.0168058.t003

###### Type 2 diabetic ASC donor characteristics.

![](pone.0168058.t003){#pone.0168058.t003g}

  Donor                      1           2              3              4
  -------------------------- ----------- -------------- -------------- -----------
  **Age (years)**            53          71             56             55
  **Sex**                    M           M              F              F
  **Anatomical site**        abdomen     Abdomen        Breast         abdomen
  **HbA1c**                  8.1%        5.1%           7.3%           7%
  **MD2 duration (years)**   10          15             11             5
  **Treatment**              Biguanide   Sulfonylurea   Sulfonylurea   Biguanide

![**A. Growth of ASC from type 2 diabetes patients (n = 4) was compared to the growth of ASC from nondiabetic patients (ND ASC, n = 8)**. No significant difference was observed between the two populations. The mean expansion time to passage 4 was 58.5 days (±18 days) for diabetic ASC versus 62.5 days (±28 days) for ND ASC (*p* = NS). Survival in standard culture conditions was considered control (\*). Diabetic ASC survival (right) was not significantly impacted by oxygen level (0.1%, 5%, or 21% O~2~) or by glycemia in the culture media (5 mM or 25 mM glucose). **B. Comparison of VEGF secretion in type 2 diabetes ASC and in ND ASC** revealed a significant increase in chronic wound conditions that was maintained in both groups (diabetic and nondiabetic ASC, *p*\<0.05) in comparison to physiological conditions (5% O~2~ tension and 5 mM glucose). Regarding KGF secretion, a significant decrease was found for diabetic ASC in diabetic wound conditions (*p*\<0.001) and physiological conditions (*p*\<0.05) in comparison to nondiabetic ASC.](pone.0168058.g006){#pone.0168058.g006}

VEGF and KGF secretions from diabetic ASC were compared to secretions from ND ASC ([Fig 6B](#pone.0168058.g006){ref-type="fig"}). No significant differences were observed between ND and diabetic ASC for VEGF secretions in each condition. A significantly higher release of VEGF was found at 0.1% O~2~ and 25mM glucose for both ND and diabetic ASC in comparison to physiological conditions (294 ± 119 pg/ml vs. 172 ± 90 pg/ml for ND ASC and 392 ± 145 pg/ml vs. 206 ± 139 pg/ml for diabetic ASC, respectively, *p*\<0.05). However, KGF secretion was significantly reduced for diabetic ASC in physiological conditions (23 ± 9 pg/ml, corresponding to 34% of ND ASC secretion, *p*\<0.05) as well as in hypoxia plus hyperglycemia (21 ± 11 pg/ml, corresponding to 31.7% of ND ASC secretion, *p*\<0.001).

Discussion {#sec019}
==========

Regarding ASC use for diabetic wounds, we first (before *in vivo* preclinical and clinical studies) need to demonstrate the capacity to isolate ASC from adipose tissue of diabetic patients, the capacity of to survive in a diabetic environment for cellular engraftment, and the ability of ASC to secrete the appropriate growth factor profile at very low oxygen levels and during hyperglycemia to promote angiogenesis and tissue remodeling. ASC were compared *in vitro* to Kc and DF already used clinically in biological skin equivalents (such as Apligraf^®^ and Dermagraft^®^, respectively) \[[@pone.0168058.ref032],[@pone.0168058.ref033], [@pone.0168058.ref034]\].

Although we previously demonstrated the capacity to reproducibly isolate a pure population of human ASC for the manufacturing of a biological bandage for skin reconstruction \[[@pone.0168058.ref028], [@pone.0168058.ref035], [@pone.0168058.ref036]\], the future clinical success of ASC for diabetic wounds is based on the assumption that the cell population (obtained from the adipose tissue of diabetic patients) is equivalent to that obtained from non-diabetic patients. Using Good Manufacturing Practice, heterogeneity introduced by "macro-differences" (starting material, isolating methods, cell production processes) and "micro-differences" (donor-to-donor variability, donor conditions at the time of sampling) could also significantly modify the cell manufacturing processes and the quality of the final cell therapy product. In the present study, we investigated the isolation of ASC from diabetic patients and the subsequent ability of these cells to survive and proliferate in stress conditions such as hypoxia and hyperglycemia. Our data suggest that diabetes does not significantly affect ASC isolation efficiency and proliferation, as found by Policha et al. \[[@pone.0168058.ref037]\]. Cellular senescence, found in diabetic adipose tissue, did not influence ASC isolation because passage 1 was obtained during the exact same range of time as non-diabetic ASC \[[@pone.0168058.ref020],[@pone.0168058.ref021]\]. A similar cellular growth curve was also found between non-diabetic and diabetic ASC up to passages 4 and 5, which corresponds to the cellular population required to promote (in our experience) VEGF release *in vitro* and angiogenesis for dermis regeneration *in vivo* \[[@pone.0168058.ref028],[@pone.0168058.ref035],[@pone.0168058.ref036]\]. We also found that hypoxia coupled with hyperglycemia did not affect ASC survival. In addition to this later finding, ASC (from healthy and diabetic patients) had better resistance to hypoxia and hyperglycemia than DF and Kc due to a lower proliferation rate, indicating a lower cellular turnover. Our results confirmed the fact that fibroblasts and Kc are specifically affected by hyperglycemia with senescence and decreased proliferation and that Kc also exhibit impaired migration \[[@pone.0168058.ref034]\]. Although diabetic status does not influence the source of ASC for cellular isolation and expansion, the stem cell function could be impaired in the hostile environment of a diabetic wound (severe hypoxia/hyperglycemia) \[[@pone.0168058.ref010],[@pone.0168058.ref021],[@pone.0168058.ref032]--[@pone.0168058.ref034]\].

Subsequently, this study compared the secretion of VEGF, SDF-1α (for their angiogenic properties) and KGF (promoting migration and proliferation of Kc) by diabetic vs. nondiabetic ASC \[[@pone.0168058.ref002],[@pone.0168058.ref038]--[@pone.0168058.ref040]\]. A similar pattern of VEGF secretion was found for diabetic and nondiabetic ASC in all *in vitro* conditions with stimulation of VEGF release in hypoxia and hyperglycemia. In contrast, secretion of KGF was significantly depleted in hypoxia and hyperglycemia for ASC from type 2 diabetes patients in comparison to nondiabetic ASC. Although the hypoxia alone stimulated the release of VEGF by ASC, Kc, and DF, a significant stimulation of this latest secretion was found when ASC were exposed to hypoxia simultaneously coupled to hyperglycemia. In contrast, the secretion of VEGF was not improved when for DF was exposed to hyperglycemia and hypoxia. Interestingly, secretion of SDF-1α (only produced by DF in physiological conditions) decreased to the levels of ASC and Kc release in diabetic (hypoxia + hyperglycemia) conditions. A dramatic decrease in KGF release was also found for DF in hypoxia and hyperglycemia when ASC maintained their high level of secretion.

Recently, ASC have been found to secrete exosomes, which were recently described as a major effector in wound healing. After local or systemic injection (intra-veinously), a significant faster wound healing was found in a mouse model than untreated recipients \[[@pone.0168058.ref041]\]. The exosomes (small membrane vesicles derived from cellular compartments that fuses with the plasma membrane) are now considered as vital mediators of cellular communication and tissue remodelling for regenerative medicine by transferring membrane proteins, mRNAs, and miRNAs to recipient cells \[[@pone.0168058.ref042]--[@pone.0168058.ref044]\]. The exosomes can control the inflammatory response as found in the severe burn-induced excessive inflammation \[[@pone.0168058.ref045]\] and promote (with exosomes obtained from human adipose stem cells in a conditioned medium) in vitro and in vivo the skin dermal fibroblasts migration, proliferation and collagen synthesis \[[@pone.0168058.ref046]\]. Although Patel et al. demonstrated no impact of lean and obese donors in term of ASCs---exosomes secretion (for end-used in regenerative medicine) and a higher cellular senescence for ASCs from non-obese patients \[[@pone.0168058.ref047]\], a lowest KGF secretion was found in our hand for diabetic ASC with a similar cellular growth between ASC from non- and diabetic human donors. This difference between Patel et al. and our results could be explained by the fact that obese donors were not reported as diabetic under hypoglycemic drugs in the Patel's study. Therefore, in view to assess the potential of autologous ASC for diabetic wound healing, the profile of the secretome of diabetic-ASC (with the cellular interaction for wound remodelling) need to be investigate before in vivo preclinical studies in a relevant animal model.

Conclusions {#sec020}
===========

Since the impact of chronic diabetes on ASC properties was still not well understood, this study demonstrated that human ASC can be proposed to cure diabetic wounds because of: (i) a similar capacity of ASC isolation and expansion in diabetic patients (than healthy patients), (ii) the capacity to survive in hypoxia and hyperglycemia (in contrast to Kc) and (iii) the expression of a better growth factor secretion profile than Kc and DF in hypoxia and hyperglycemia. However, the reduction of KGF secretion by ASC harvested from diabetic patients need to be investigate in a relevant preclinical diabetic model. It is reasonable to conclude that diabetic adipose tissue is a promising source of ASC for skin tissue engineering in the diabetic population. It appears that adipose tissue may be the preferred source of cells (in comparison to fibroblasts and Kc) for investigating wound healing in a diabetic model.
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:   adipose-derived stem cells
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:   dermal fibroblasts
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:   3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium solution

SDF-1α

:   stromal cell-derived factor-1α

VEGF

:   vascular endothelial growth factor

[^1]: **Competing Interests:**The authors have no financial interest to declare in relation to the content of this article. Denis Dufrane is the cofounder of Novadip Biosciences and receives a salary for the position of Chief Scientific Officer at Novadip Bioscience. This does not alter our adherence to PLOS ONE policies on sharing data and materials. There are no commercially relevant declarations (relating to employment, consultancy, patents, products in development, or marketed products, etc.) in relation this study.

[^2]: **Conceptualization:** DD AL.**Formal analysis:** DD AL CB SH.**Funding acquisition:** DD.**Investigation:** AL CD.**Methodology:** DD AL CB SH.**Project administration:** DD.**Software:** DD AL.**Supervision:** DD.**Validation:** DD AL.**Writing -- original draft:** AL.**Writing -- review & editing:** DD.
